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Abstract 
Purpose – There is an increase in greenhouse gasses and global climate change is frequently reported on.  What can 
be done?  Certainly to try and reduce the carbon footprint, which is not a new topic, by encouraging applications and 
activities for concrete during its lifetime (Portland Cement Association, 2019).  This study focuses on introducing 
CO2 to normal and fly ash concrete and thus investigating the effect on the carbon footprint of the samples and the 
effectiveness of the CO2 introduction methods, namely carbonated water addition during the mixing process and by 
means of an infusion pipe directly into the concrete when the samples are casted and have been casted. 
Design/methodology/approach – The feasibility of carbon dioxide storage within concrete is determined by 
investigating the effects of introduced carbon dioxide into concrete samples and the effectiveness of the concrete at 
storing carbon dioxide. The concrete was mixed in a 1:3:3 ratio for the OPC or blended 52.5R cement:sand:stone 
(22mm) with a 28 day strength of 50MPa.  Samples were also prepared containing low grade fly ash cement contents 
ranging from 15 to 60%.  CO2 was introduced to the concrete via carbonated mixing water and an infusion pipe 
system directly to the hardening concrete cubes.  16g CO2 bicycle carbon dioxide inflators and valve system were 
used to infuse the concrete over a period of a week until the canister was emptied with valve release on the lowest 
setting. A compression test was carried out to determine the strength of the concrete cubes with, and without, the 
introduction of carbon dioxide. Results were also obtained using a Scanning Electron Microscope (SEM) and energy 
dispersive x-ray spectrometer (EDS) to determine how the carbon dioxide changed the microscopic composition and 
chemical composition of the concrete. A microcontroller with carbon dioxide sensors was used to gather carbon 
dioxide emission data for a period of 3 months.  
Findings - The compressive strength tests show by introducing carbon dioxide to the concrete, the compressive 
strength has increased by as much as 13.86% as expected from the literature. Furthermore, by infusing carbon dioxide 
with the fly ash blended cement, will give a higher strength compared to the control with ordinary portland cement.  
This correlates to an overall reduction in cost for the structure. The optimal fly ash content for the control with 
minimal strength degradation is 30%. Where the optimal fly ash content for the concrete with carbon dioxide stored 
within, is 45%. The SEM analysis showed the concrete with sequestered carbon dioxide has significantly more C-S-
H gel formation, thus the strength increase. Furthermore, the carbon dioxide emission test showed the concrete with 
infused carbon dioxide stores carbon dioxide more efficiently compared to the control sample. With the data showing 
the infused sample releases 11.19% less carbon dioxide compared to the control sample. However, the carbonated 
water sample releases 20.9% more carbon dioxide when compared to the control sample.  Thus the introduction of 
carbon dioxide by means of infusion is more effective.  
Originality/value - This is a practical pilot investigation of carbon dioxide introduction via two methods, one being 
infusion of CO2 into normal concrete and fly ash concrete and two, mixing normal and fly ash concrete with 
carbonated water. These results show, cheaper cement can be used to achieve equivalent or better strength. This can 
help in the reduction of the construction industry’s carbon footprint. 
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1. Introduction 
From 1990 to 2000, carbon dioxide emissions increased dramatically by 13% and is 
estimated to increase by 30-50% until 2050. Furthermore, carbon dioxide in the atmosphere 
has increased up to twenty times and the global temperature has raised by 1°C in the past 
fifty years (Wahyu Effendi & Ng, 2019). The melting of the ice caps releases huge amounts 
of carbon dioxide (CO2) into the atmosphere (Roberts, 2016). The last ice age trapped carbon 
dioxide in the ice caps and the rise in global temperature poses a major risk in releasing the 
stored carbon dioxide trapped in the ice caps as well as the carbon dioxide trapped in the 
ocean (Kohfeld & Chase, 2017). Since concrete is used in all major infrastructure and 
generally has a life span of 50+ years, concrete provides a great storage vessel for storing 
carbon dioxide. Additionally, storing the carbon dioxide in concrete will aid in calcium 
silicate hydrate (Ca3Si2O3(OH)8) formation thus increasing the cementing matrix and 
therefore increasing the concrete’s strength (Souto-Martinez, et al., 2017). Furthermore, 
storing carbon dioxide within the concrete will help reduce the impact of the manufacturing 
cement. Cement accounts for 8% of the global carbon dioxide emissions, which is higher 
than obtained from aeroplanes, shipping and long-distance trucking, combined being at 6%. 
The cement’s emission is a result of heating the limestone to create lime (calcination) and 
the by-product is carbon dioxide (Timperley, 2018). As such this study examines the 
feasibility of carbon dioxide storage within concrete. Determined by investigating the effects 
of introduced carbon dioxide into concrete samples and the effectiveness of the concrete at 
storing carbon dioxide. 
 
2. Literature review 
2.1 Carbon dioxide capture 
The carbon dioxide concentration before the industrial revolution was 180 – 330 ppm. 
However, due to the combustion of fossil fuels and deforestation, there has been an increase 
in atmospheric CO2 concentration. Carbon capture is a promising strategy in the prevention 
and reduction of global warming and ocean acidification (Yu & Chen, 2019). Carbon 
capture and storage (CCS) is mainly applicable to reducing emissions from power plants 
and storing carbon dioxide or using carbon dioxide for producing other commodities.  
However, only 25% of the global greenhouse gasses emitted come from electricity and heat 
production (IPCC, 2014). Modern carbon capture technologies can capture 80% to 90% of 
the carbon dioxide generated by power plants. The strategies in doing so include post-
combustion and pre-combustion (Wilberforce, et al., 2019). These technologies are 
categorised depending on when the carbon dioxide is eliminated, specifically prior or post-
combustion (Lopez, et al., 2018). In post-combustion carbon capture, the carbon dioxide is 
captured after the fuel is burnt. This is done by separating the carbon dioxide from the flue 
gas bypassing the gas through an absorber column filled with a liquid solvent. After the 
process, the superheated steam is passed through the solvent thus releasing the trapped 
carbon dioxide (Wilberforce, et al., 2019). Conversely, in pre-combustion carbon capture, 
the fuel is heated with pure oxygen before the combustion occurs. This creates a mix of 
carbon monoxide and hydrogen; the carbon monoxide created is further reacted with water
 to produce carbon dioxide and additional hydrogen. This hydrogen is used to produce 
electricity (Wilberforce, et al., 2019). The carbon dioxide generated through the 
combustion process is released into the atmosphere or is used to produce other 
commodities such as in the food processing industry (Streets, et al., 2018)  
Another technique in carbon dioxide capture is direct air capture which has largely been 
theoretical. This technique of carbon capture directly removes carbon dioxide from the 
atmosphere. However direct air capture does have an extreme cost associated with this 
carbon capture technique.  
Carbon capture has the potential to make up 10% to 55% of the carbon dioxide mitigation 
efforts in the upcoming years (Wilberforce, et al., 2019). However, the carbon dioxide 
must be stored somewhere. Although it is cheaper to avoid emitting carbon dioxide 
compared to capturing carbon dioxide. 
 
2.2 Carbon dioxide storage 
Carbon sequestration is the storage of captured carbon dioxide which would otherwise be 
emitted or remain in the atmosphere (Jain, et al., 2012). There are many methods of 
sequestering carbon dioxide, with the most common storage strategy being geological 
sequestration. Geological sequestration is where carbon dioxide is injected into 
underground rock formations for instance used up oil and gas reservoirs. Additionally, the 
carbon dioxide is stored as a supercritical fluid. Therefore, as a supercritical fluid, carbon 
dioxide has the properties between gas and a liquid (Zhang & Huisingh, 2017). This 
method is effective because when the carbon dioxide is stored in conditions found in 
certain rock formations, the carbon dioxide will remain in the supercritical state. These 
conditions require the temperature to not fall below 31.1°C and having a pressure 
exceeding 73.87 Bars [7.387 MPa] (Zhang & Huisingh, 2017). However, leakage will 
cause the rapid acidification of the surrounding area which will cause harm to the 
environment (Yu & Chen, 2019). There has been evidence of plant death, reduced growth 
and severe damage to the surrounding ecosystem. Carbon dioxide storage can include the 
untested method of storage in the ocean at depths below 3500m. However, this method is 
largely untested and there is the concern of the effect this method will have on marine life 
and how effective it may be in storing the carbon dioxide (Zhang & Huisingh, 2017). 
Another method of storage can include the storage of carbon dioxide within volcanic rocks 
(Zhang & Huisingh, 2017) and soil (Corbeels, et al., 2019). 
 
2.3 Carbon emissions from concrete 
Concrete comprises of many components, mainly; cement, cement extenders, aggregates, 
admixture and water. The average emissions for each component over the life cycle 
ofconcrete can be found in Table 1. Cement carbon dioxide global emissions at 8% are 










Table 1: Average  
Emissions of  
concrete components  
(Modified from  
Owens,2013) 
 
This emission is a result of heating the limestone to create lime (calcination process 
depicted in Figure 4) and the by-product is carbon dioxide (Timperley, 2018). The average 
carbon dioxide emitted per tonne of cement is 1000kg. This value is being reduced by new 
technologies where alternative fuels are used in the cement kiln. The primary method in 
reducing the volume of emissions is to reduce the amount of clinker factor which is needed 
in cement. This is done by using materials such as fly ash, ground granulated blast furnace 
slag, limestone and other materials (Owens, 2013). Additionally, cement extenders greatly 
reduce the carbon dioxide emissions by reducing the cement required as well as adding 
benefits such as increased workability, durability and impermeability of the concrete 
(Owens, 2013). 
 
2.4 Fly ash cement extender 
There are many advantages to using fly ash as a cement extender. These include; less water 
demand, less heat from the hydration process, less risk of cracking in the early stages of the 
concrete and late high strength gain. However, the fly ash does cause the concrete to lower 
early strength (Elmrabet, et al., 2019). Fly ash is a by-product of electric power generation 
plants where pulverised coal is used for combustion. The pulverized coal is ignited, and the 
carbon and volatile materials are burned off. However, some of the mineral impurities such 
as clay, shale and feldspars are fused in suspension. The suspended fused mineral impurities 
are carried out of the combustion chamber in the exhaust gases. As this exhaust gas cool, 
the fused materials solidify into spherical glassy particles called fly ash (Elmrabet, et al., 
2019). Class C fly ash generally contains more than 20% lime (CaO). Class C fly ashes can 
produce cementitious binders (other than the portland cement’s binders) which take 
advantage of sodium aluminosilicate hydrate and aluminium-substituted calcium silicate 
hydrate for strength development. However, Class C fly ash has poor workability and is 
rapid setting. This means certain water-reducing admixture is not effective with this cement 
extender (Rakngan, et al., 2018). The addition of fly ash Class C might give rapid setting 
and rapid bond forming properties to the concrete, but this might have a weakening effect 
on the concrete strength. (Asa, et al., n.d.) 
 
2.5 Carbon dioxide storage in concrete 
The amount of emissions which is produced by concrete, mainly cement, raises a concern 
about capturing and storing the carbon dioxide released. Since some of the current methods 
for carbon dioxide storage are well tested and used. The concept arises of storing the 
carbon dioxide inside the concrete thus offsetting the effect of the emissions emitted 
surrounding concrete production and thus adding another method of carbon storage. 
Concrete can sequester carbon dioxide from the air in a reaction commonly called 
carbonation. High levels of carbonation near the surface of concrete samples have been 
widely studied. These studies have been carried out as carbonation may lower the pH of 
the concrete and alter the characteristics of a concrete structure if they migrate deeper into 
the structure. Therefore, the change in pH will affect the inherent protection concrete 
provides for reinforcement, thus there is a need for reinforcement protection. Carbon 
dioxide can be injected deep within fresh concrete and the carbon dioxide is sequestrated 
into the concrete thus trapping the carbon dioxide inside the concrete. This sequestration 
of the carbon dioxide into the concrete converts the carbon dioxide into a mineral (calcium 
silicate hydrate), by reacting with the other minerals in the cement such as calcium, silica, 
aluminium and iron (Carbon Cure, 2019). This conversion of carbon dioxide aids in the 
formation of calcium silicate hydrate (Ca3Si2O3(OH)8) therefore increasing the cementing 
matrix thus increasing the concrete’s strength. With this increase in strength, it can be used 
to reduce and optimise the amount of concrete needed in a structure, thus further reducing 
the impact of concrete emissions. This method of carbon capture is retrofitted, whereby, it 
will work with current methods and technologies (Carbon Cure, 2019). However, this 
strategy of carbon storage is in its infancy therefore the introduction of carbon dioxide has 
only been implemented at a ready-mix batch plant. Additional testing for compressive 
strength has been done and when carbon dioxide stored within the concrete it has resulted 
in stronger concrete. The carbon sequestration potential of reinforced concrete is largely 
neglected in environmental accounting. This omission is due to lack of studies, the 
complexity of predicting carbon sequestration potential and the lack of simple predictive 
models which can be implemented into life cycle assessment (Souto-Martinez, et al., 
2017). This increase in strength when carbon dioxide is introduced into concrete is due to 
the carbon dioxide affecting the chemistry of the concrete (Folagbade, 2014). 
 
 
2.6 The effects of storing carbon dioxide in concrete 
The carbon dioxide is stored in the concrete through the chemical reaction (sequestration) 
which occur between the carbon dioxide and the hydration elements. This sequestration of 
the carbon dioxide into the concrete converts the carbon dioxide into a mineral (calcium 
silicate hydrate) which aid in the formation of calcium silicate hydrate (Ca3Si2O3(OH)8) 
which contributes to the concrete’s strength. Calcium silicate hydrate (C-S-H) is the 













Figure 1: SEM  
Image of Calcium 
 silicate hydrate  
taken form results 
of samples in study 
 
 
The calcium silicate hydrate is in the form of a gel structure (refer to Figure 1), which is a 
structure of small rods and platelets joined at the points of contact (Owens, 2013) thus 
bonding the particles together. The calcium silicate hydrate (C-S-H) gel is formed during 
the hydration chemical reaction of the concrete. With calcium silicate hydrate (C-S-H) gel 
giving the concrete its strength. The hydration of portland cement is formed by the 
hydration of the cement clinker. This process is complex where a successive series of 
chemical reactions occur, causing the formation of portlandite (Calcium hydroxide), C-S-
H gel, hydrogarnet, ettringite, monsulfate and iron oxide. 
 
3. Experimental methodology 
3.1 Casting of concrete 
Fifty four (54) concrete cube samples (100mm x 100mm x 100mm) were prepared.  Eigteen 
samples serving as control samples and the balance were divided and used with the two 
methods of introducing the carbon dioxide namely; 
• Using carbonated water in the mixing process. (Kwasny, et al., 2014), (Andre, 
2017) 
• Infusion system (conduit piping placed in concrete) (Macdonald & Monkman, 
2017) 
which introduced carbon dioxide into the concrete within the formwork when the concrete 
was still fresh. Bicycle carbon dioxide inflators were used to keep the amount of carbon 
dioxide constant with the canisters releasing 16g of CO2 on the lowest setting of the valve  







Table 2: The mixture 
 design for test cubes  
 
The mix proportion which was used is 1:3:3 (Table 2), this represents one-part cement, 
three parts sand and three parts stone. This ratio was used due to the ratio presenting a 
good compromise to strength versus workability. Moreover, this mix proportion was the 
most widely used (Owens, 2013). An aggregate of size 22mm was used with a water-
cement ratio of 0.67.  The water-cement ratio that accounted for workability. The cubes 
were left to cure for 28 days in the curing bath, after 28 days some cubes were crushed to 
determine the compressive strength, some were used for the SEM analysis, some for the 
chemical composition and some to determine the carbon dioxide emission.  Table 3 shows 





















Table 3: Weights and 
 densities for test cubes  
 
 
3.2 Compressive strength test 
A compression test was carried out to determine the strength of the concrete with and 
without the introduction of carbon dioxide as well as with varying fly ash content. The 
compressive strength was determined in accordance with SANS 5860, 5861-2, 5861-3 and 
5863 (Owens, 2013). These standards were used as the criteria for concrete quality and as 
an indicator of the concrete strength (Owens, 2013). Three cubes per carbon dioxide 
introduction method, control sample and varying fly ash content were used, thus forty-five 
(45) cubes in total. 
 
 3.3 Microscopic composition 
A Scanning Electron Microscope (SEM) was used to determine how carbon dioxide 
changed the microscopic composition of the concrete. The working of the SEM can be 
found in literature. (Goldstein, et al., 2003) Samples from the cubes, which were crushed 
in the compression test, were collected and analysed. Theses samples were shared with the 
chemical composition test.  
 
3.4 Chemical composition 
The energy dispersive x-ray spectrometer (EDS) was used in conjunction with the SEM to 
determine how carbon dioxide changed the chemical composition of the concrete. Samples 
from the cubes which were crushed in the compression test were collected and examined. 
Therefore, the sample’s elemental composition can be determined by comparing the 
characteristic X-Ray energy to the database (Polini & Yang, 2017) 
 
3.5 Carbon dioxide emission 
The samples were placed in a sealed chamber (Figure 2), ensuring no contaminants may 
enter. An Arduino microcontroller with carbon dioxide sensors was used to gather carbon 
dioxide emission data. Three cubes per carbon dioxide introduction method were utilised 
including the control sample, being nine cubes in total. The sealed chamber was constructed 











Figure 2: Sealed chamber 
and infusion pipe system 
4. Results and discussion 
4.1 Results from the compressive strength test 
The test cubes were placed into the compressive strength test machine. The machine 
destructively crushed the cubes and the compressive strengths achieved were calculated 
and  shown in Table 4 and summarized in Table 5.  Figure 3 shows the compressive 
strengths and is compared in Figure 4. In the tables the following symbols are used, C = 
Control mix design, I = Infusion mix design and CW = Carbonated water mix design. 
The results show there are an increase as expected by introducing carbon dioxide into the 
concrete (Folagbade, 2014). However, comparing CO2 introduction methods, using 
carbon dioxide infusion resulted in a much higher strength gain of 13.86% compared to 
the carbonated water’s average of 3.75%. This significant difference can be attributed to 
carbon dioxide loss during the mixing process of the concrete.  
Comparing the compressive strengths of the normal concrete with the fly ash concrete 
showed a decrease in strength with the increase in fly ash content (Figure 5) for the average 
28-day strength, as expected (Asa, et al., n.d.). However, introducing carbon dioxide into 
the concrete greatly reduces the rate of strength degradation due to increasing fly ash 
content. Furthermore, Table 4 and 5 show the optimal fly ash content for the control with 
minimal strength degradation is 30% but the optimal fly ash content for the concrete with 
infused carbon dioxide stored within is 45% in terms of compressive strength.  This 






Table 4: Average  
Strength(28 days) grouped 
by mix design 
 
4.2 Chemical and microscopic composition 
The SEM determined the samples texture, chemical composition, crystalline structure and 
the orientation of the minerals or materials which was found in the samples (Goldstein, et 
al., 2003). The EDS was a chemical microanalysis technique used in conjunction with 
SEM. EDS detects X-rays emitted from the sample during bombardment by an electron 
beam to characterize the elemental composition of the sample (Polini & Yang, 2017). The 
oxygen by stoichiometry (normalised) is used to process the samples for EDS where the 
process is iterated six times. The results from the EDS scan is shown in Table 6 where the 
C-S-H gel was considered. Table 6 and Figure 6 clearly shows by introducing carbon 
dioxide into the fresh concrete, there is an increase in average weight percentage and 
atomic percentage for the C-S-H gel.  This correlates to the strength gain accompanying 



















Table 5: Compressive  
Strength(28 days) achieved  
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Figure 4: Comparison  



















Figure 5: Comparison  
between average  
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Compressive strength (MPa)









OPC BC15 BC30 BC45 BC60
Comparison between average strength 
(MPa) 
Control Infusion Carbonated water
Additionally, the increased C-S-H gel can be seen in the SEM scans as well, shown in  
Figure 7 to Figure 9. Figure 7 is an SEM scan at 2000x magnification of control sample 
showing the formation of C-S-H gel (small rods). In this sample, the C-S-H gel has long 
formations, however, there is a relatively small quantity of C-S-H gel compared to Figure 
8 and 9 where carbon dioxide was introduced into the concrete. In Figure 8 and Figure 9 
the C-S-H gel has shorter formations (small rods) but there is a very large quantity of C-
S-H gel. This again correlates to the increase in compressive strength (Table 4 and 5) 
(Folagbade, 2014). Furthermore, the C-S-H gel in Figure 8 and Figure 9 propagates from 
more of the particle surfaces therefore more of the particle are bonded together. Further 

















Table 6: EDS  




4.3 Carbon dioxide emission from test cubes  
An Arduino microcontroller with carbon dioxide sensors were used to gather carbon 
dioxide emission data(Figure 2). This test determined the effectiveness of the concrete to 
use carbon dioxide and the effectiveness of the carbon dioxide introduction methods. The 
collection of data was carried out for 14 days, however, the readings from sensors 7, 8 and 
9 were not reading correctly. Therefore, only data from sensor 1 to 6 were used.  Table 7 
shows the daily data collected, with all values in parts per million (PPM) and the natural 
CO2 concentration at 400 PPM. Therefore, the sensors were calibrated with a starting PPM 
at 400 PPM. Figure 10 shows the carbon dioxide released per day with Table 8 










Figure 6: Comparison 
between the mix  





The carbonated water mixed test cubes released 20.9% more carbon dioxide compared to 
the control test cubes.  The infused mixed test cubes released11.19% less carbon dioxide  
compared to the control test cubes which showed that the infusion method of carbon 
dioxide introduction being more effective. 
Table 9 depicts the average CO2 PPM measured per day for each carbon dioxide 
introduction method. This data is indicated in Figure 11. The plots show the trend lines of 
the data and shows the release of the CO2 is slowing or the compartment the test cube is 
located in is saturated. This also illustrates again that the concrete with infused carbon 
dioxide stores carbon dioxide more efficiently compared to the control sample and 
carbonated water samples.  The sealed chamber was constructed to have a constant volume 
for all test cubes at 3375000 mm3 per compartment. However, this volume may be 
affecting the release of carbon dioxide due to the volume being too small and the 










Figure 7: SEM  
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C-S-H Weight percentage comparison












Figure 8: SEM Scan  

















Figure 9: SEM Scan  





This is a practical pilot investigation of carbon dioxide introduction via two methods, one 
being infusion of CO2 into normal concrete and fly ash concrete and two, mixing normal 
and fly ash concrete with carbonated water. The effects of the mix design components 






















Table 7: Total  
CO2 PPM reading  










Table 8: Summary  
of CO2 emission  
data 
 
The results showed there is an increase as expected by introducing carbon dioxide into the 
concrete (Folagbade, 2014). However, comparing CO2 introduction methods, using 
carbon dioxide infusion resulted in a much higher strength gain of 13.86% compared to 
the carbonated water’s average of 3.75%. This significant difference can be attributed to  
carbon dioxide loss during the mixing process of the concrete. The compressive strengths 
of the normal concrete with the fly ash concrete showed a decrease in strength with the 
increase in fly ash content for the average 28-day strength as expected (Asa, et al., n.d.). 
However, introducing carbon dioxide into the concrete greatly reduces the rate of strength 
degradation due to increasing fly ash content. The optimal fly ash content for the control 
with minimal strength degradation is 30% but the optimal fly ash content for the concrete 
with infused carbon dioxide stored within is 45% in terms of compressive strength.  This 
















Table 9: Average 













Figure10: Carbon  
dioxide released  
from each test  
cube over 14 days 
Therefore, mix designs in general can be adjusted to increase fly ash with the inclusion of 
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CO2 PPM released per day
Cube 1 Cube 2 Cube 3 Cube 4 Cube 5 Cube 6
cost of the cement. Using carbon dioxide infusion results in an average strength gain of 















Figure 11:  
Comparison  
between the  
average carbon  
dioxide measured 
 
This significant difference can be due to the carbon dioxide loss during mixing. The EDS 
and SEM also confirmed the strength gain when the C-S-H gel was investigated. 
The concrete with infused carbon dioxide stored carbon dioxide more efficiently compared 
to the control sample. The infused samples released 11.19% less carbon dioxide compared 
to the control sample. The carbonated water samples released 20.9% more carbon dioxide 
when compared to the control sample. Thus, as previously mentioned, this can afford an 
overall cost saving for a structure (Folagbade, 2014) and a reduction of the construction 
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